Recently, we have found that deep eutectic solvents (DESs) are alternative media in shape-controlled synthesis of highindex faceted metal NCs. For instance, the star-shaped Au NCs bound with {311} and vicinal high-index facets were successfully synthesized by a chemical reduction route. 4 Furthermore, novel concave THH Pt NCs enclosed by {910} high-index facets with enhanced catalytic activity have been prepared by an electrochemical method. 5 DESs are a new class of eutectic-based ionic liquids (ILs), which can be produced using quaternary ammonium or phosphonium salts complexed with different hydrogen bond donors such as amides, carboxylic acids and polyols. 6 Compared to conventional ILs, the DESs are non-toxic, biodegradable, environmentally friendly and have additional advantages such as easy preparation in high purity, stability in water and air, and low cost. Because of their remarkable physicochemical properties, the DESs have received extensive attention due to their broad applications in catalysis, electrochemistry and electrodeposition, as (co-)solvents in organic and inorganic syntheses, as well as in biocatalysis. 7 In the current communication, we report the synthesis of triambic icosahedral (TIH) Pt nanocrystals (TIH Pt NCs), for the first time, in choline chloride (ChCl)-urea based DES by applying the electrochemical method. It has been determined that the TIH Pt NCs are bound by {771} high-index facets and exhibit higher electrocatalytic activity than commercial Pt black for ethanol oxidation. In a typical preparation, the TIH Pt NCs were directly electrodeposited on a glassy carbon (GC) electrode in 19.3 mM H 2 PtCl 6 -DES solution at 80 1C as illustrated in Scheme 1 (synthetic details are given in the ESI †). It has been shown that the square wave potential was an effective and facile way to tune nanocrystal surface structure by adjusting E U and E L . 2, 5, 8 The as-prepared TIH Pt NCs were extensively examined by scanning electron microscopy (SEM, S-4800, Xiamen University) and transmission electron microscopy (TEM, FEI Titan 80-300 equipped with an image-Cs corrector, Fritz-Haber Institute of the Max-Planck-Society), as displayed in Fig. 1 and Fig. S1 in ESI. † It can be clearly seen that star shaped monodispersed polyhedral Pt NCs have been produced in high uniformity, and their size is measured to be 158 AE 13 nm. There are many symmetrical and nonerratic pyramids present on the surface of crystals. The high-magnification SEM image of Pt NCs and the corresponding TIH model along the direction of five-fold symmetry sufficiently illustrated that the as-synthesized Pt NC has a triambic icosahedral (TIH) shape. As illustrated in Fig. S2 (ESI †), the TIH polyhedron consists of a growing triangular pyramid on each of the twenty exposed (111) facets of an icosahedron.
To further characterize the surface structure of the TIH Pt NCs, TEM as well as HRTEM were carefully carried out by tuning the viewing angle, in order to determine the surface atomic arrangement of the edge-on facets. Fig. 2a demonstrates that the optimal projection direction of the TEM image for viewing the TIH Pt NC is along the [011] direction, as evidenced by the corresponding selected area electron diffraction (SAED) pattern ( Fig. 2b ) and the geometric model in Fig. 2c , which results in a two-fold symmetry. To identify the Miller indices of the facets on TIH Pt NCs, one approach is to measure the projection angles between the four edge-on facets, which are indicated by the black arrows ( Fig. 2a ), and the corresponding {111} planes of icosahedrons underneath that are represented by the dashed lines in Fig. 2a (see details in Fig. S2 of ESI †). The angles between the four edge-on facets and the corresponding {111} planes are measured to be 29.551, 29.561, 29.621 and 29.571 as indicated in Fig. 2a . The theoretical values of angles between different high-index planes with Miller indices {hkl} and the {111} planes are listed in Table S1 (ESI †). In comparison to the measured angles with the values listed in Table S1 (ESI †), the facets enclosing the as-prepared TIH Pt NCs should be high-index {771} planes. Fig. 2d displays an HRTEM image recorded from the boxed area in Fig. 2a . It can be clearly observed that the surface atomic arrangement of Pt NCs possesses the feature of a highindex {771} plane, i.e. its configuration consists of periodically one {331} subfacet and two {110} subfacets. The HRTEM observation is consistent with the atomic model of a single crystal (771) ( Fig. 2e ). It is obvious that such high-index facets contain a high density of step atoms. As seen from Fig. 2d , furthermore, a lattice spacing of 0.23 nm agrees with the distance between two {111} planes of Pt, implying that the growth direction of the triangle pyramids present on the surface of NCs is along the [111] crystallographic direction.
To understand clearly how the TIH Pt NCs were developed during their growth by electrodeposition, the intermediate Pt NCs grown at different growth times were characterized by using SEM and TEM (Fig. S3, ESI †) . The defective TIH shaped Pt NCs were obtained in 5 min ( Fig. S3a and S3e, ESI †). Remarkably, upon increasing the growth time to 10 min or longer, the defective TIH shape grew into a perfect TIH morphology (Fig. S3b-d and f-h, ESI †). The corresponding sizes for the growth times of 5, 10, 15, and 30 min are measured, respectively, to be 70 AE 3, 106 AE 16, 158 AE 13, and 225 AE 28 nm ( Fig. 1 and  Fig. S4 , ESI †). It is found that the feature of TIH shape is maintained regardless of the particle size when the growth time exceeds 10 min, although the facets are better defined or more easily assignable for larger particles.
For the successful formation of the TIH Pt NCs, the control of E U and E L and the nucleation are the key synthetic levers. When the nucleation step was skipped, the products consist of mixed morphologies including cubes and triangular bipyramids ( Fig. S5 and S6, ESI †) , meaning that the TIH Pt NCs hardly grew on the GC electrode without the nucleation process. To investigate the influence of E U on the formation of TIH Pt NCs, various values of E U were applied for the synthesis of Pt NCs under otherwise identical experimental conditions (Fig. S7, ESI †) . It was found that the concave cubic Pt NCs of about 100 nm in size were produced at an E U of 0 V (vs. Pt reference electrode). When E U is 0.05 V, however, the product consists of mixed morphologies including concave cubes and irregular particles with larger size. Interestingly, upon further increasing the E U to 0.10 V, defective TIH Pt NCs about 150 nm in size were formed except concave cubes NCs with smaller size (about 70 nm). In the cases of an E U of 0.20 and 0.40 V, the morphologies of the products have no difference with respect to that shown in Fig. 1 for 0 .30 V, except the sizes. However, a fewer imperfect TIH Pt NCs with larger size were obtained by further Fig. S8 (ESI †) shows the SEM images of Pt NCs generated at different E L , under otherwise identical experimental conditions. At an E L of À1.40 V (vs. Pt reference electrode), truncated TIH Pt NCs were formed. When the E L is À1.20 V, the product consists of mixed morphologies including imperfect TIH and polyhedrons such as a cube and a triangular bipyramid. Upon further increasing the E L to À1.10 V, cubic Pt NCs with clusters on their surface were observed. It is worthwhile noting that the perfect TIH Pt NCs were formed exclusively at an E L of À1.30 V (Fig. 1) . However, when applying a constant potential at E L , a few Pt nanoflowers with sharp petals were obtained (Fig. S8d, ESI †) . These results indicate that the formation of TIH Pt NCs with high-index {hhl} facets is controlled by the dynamic interplay between the growth at E L and surface adsorption of urea species at E U , as well as the indispensable nucleation process.
To evaluate the electrocatalytic properties of as-prepared TIH Pt NCs with high-index facets, the electrocatalytic oxidation of ethanol was chosen as probe reaction, because stepped surfaces have a high reactivity for breaking the C-C bond and oxidation of adsorbed CO fragments involved in ethanol oxidation. 10 Fig. 3 compares cyclic voltammetry (CV) curves for electrooxidation of ethanol on the TIH Pt NCs and the commercial Pt black catalyst. The oxidation current has been normalized to the electroactive surface area, which was measured from the electric charge of hydrogen adsorption-desorption on Pt surfaces (Fig. S9 , ESI †). As shown in Fig. 3a , the ethanol electrooxidation on TIH Pt NCs yields two current peaks near 0.54 and 0.94 V (vs. SCE) in the positive-going potential scan, their peak current densities are 4.11 and 2.41 mA cm À2 , respectively. The corresponding values obtained on the Pt black catalyst are only 1.01 and 1.24 mA cm À2 . It is evident that the electrocatalytic activity of the TIH Pt NCs for ethanol oxidation is 2-4 fold higher than that of the Pt black catalyst. Fig. 3b exhibits the current-time curves of ethanol oxidation at 0.45 V (vs. SCE). The steady current densities (t = 3600 s) of ethanol oxidation on the TIH Pt NCs and the Pt black catalyst are measured to be 0.28 and 0.09 mA cm À2 , respectively. This result clearly demonstrates that the long-term electrocatalytic activity of the TIH Pt NCs for ethanol oxidation is still superior to that of the Pt black catalyst. The enhancement in electrocatalytic activity and stability of the TIH Pt NCs is attributed to the exposed {771} highindex facets enclosed by the TIH Pt NCs, which contain a high density of atomic steps.
In summary, TIH Pt NCs enclosed by {771} high-index facets were successfully synthesized electrochemically, for the first time, in ChCl-urea based DES. The optimized NC growth kinetics, by controlling the dynamic interplay between the growth at E L and surface adsorption at E U , plays a decisive role in the formation of the TIH Pt NCs. The as-prepared TIH Pt NCs exhibit higher electrocatalytic activity and stability than the commercial Pt black catalyst for ethanol oxidation owing to their high-density stepped atoms. This study is of significance for shape-controlled synthesis of other noble metal NCs with high-index facets in DESs, as well as in some potential applications of electrocatalysis, electrochemical sensors and fuel cells.
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